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ABSTRACT
Using spectroscopic observations from the SDSS MaNGA DR15, we study the relationships between
the ratio of the total to visible mass and various parameters describing the evolution and environment of
the galaxies. Using the relative velocities of the Hα emission line across the galaxy’s surface to measure
the rotation curve of each galaxy, we estimate the galaxy’s total mass. We develop a statistical model to
describe the observed distribution in the ratio of total to visible mass, from which we extract a galaxy’s
most probable value for this mass ratio. We present the relationships between the ratio of total to
visible mass and several characteristics describing the galaxy’s evolution, such as absolute magnitude,
gas-phase metallicity, distance to the nearest neighbor, and position on the color-magnitude diagram.
We find that faint galaxies with low metallicities, typically in the blue cloud, have the highest ratios
of total to visible mass. Those galaxies which exhibit the second highest ratios of total to visible mass
are the brightest with high metallicities, typically members of the red sequence or green valley. The
galaxies with the lowest ratios of total to visible mass are intermediate in both metallicity and absolute
magnitude. In addition, we find that galaxies in denser local environments tend to have smaller ratios
of total to visible mass. Finally, we introduce a parametrization that predicts a galaxy’s ratio of total
to visible mass based on its photometry and absolute magnitude.
1. INTRODUCTION
Current cosmological models indicate that the major-
ity of matter in the universe is composed of dark matter
(Planck Collaboration et al. 2018): material that inter-
acts primarily through gravity. Observational evidence
for it exists across most scales in the universe, from grav-
itational lensing of galaxy clusters (Bartelmann 2010,
and references therin) to galaxy kinematics (Salucci
2019, and references therin). Dark matter simulations
are able to reproduce the current distribution of galaxies
(e.g., Springel et al. 2005), indicating that dark matter’s
evolution throughout cosmic time dictates the formation
and evolution of galaxies.
Understanding the quantity and distribution of dark
matter in galaxies is crucial to our studies of galaxy for-
mation and evolution. To this end, we need to measure
how much dark matter exists in galaxies, and we need to
understand how the ratio of dark to visible matter influ-
ences a galaxy’s star formation history. Previous studies
of the relationship between the ratio of dark matter (or
total mass) to visible mass or luminosity show that faint
galaxies have the most dark matter relative to their stel-
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lar mass than brighter galaxies, and that the brightest
galaxies also have more dark matter than those of inter-
mediate luminosity (Persic et al. 1996; Strigari et al.
2008; Torres-Flores et al. 2011; Karukes & Salucci
2017; Wechsler & Tinker 2018; Behroozi et al. 2019;
Di Paolo et al. 2019; Douglass et al. 2019). In addition,
Behroozi et al. (2019) found that massive quenched
galaxies reside in more massive halos than star-forming
galaxies of the same stellar mass.
In this paper, we utilize the SDSS MaNGA survey
(Bundy et al. 2015) to investigate the possible relation-
ships of a galaxy’s dark matter content with its star for-
mation history and local environment. We use the rela-
tive velocities of the Hα emission line across the galaxy’s
surface to measure the rotation curve of each galaxy,
from which we estimate the galaxy’s total mass, Mtot.
The sum of the stellar mass, M∗, and H I mass esti-
mates the total visible mass, Mvis, in each galaxy. Since
most MaNGA galaxies do not yet have H I detections,
we derive a parameterization that is based on a galaxy’s
stellar mass and evolutionary stage to estimate the H I
mass for all of the galaxies in our sample. We present
the correlation of Mtot/Mvis with various galaxy prop-
erties related to the galaxy’s star formation history and
environment.
Statistical and systematic uncertainties on the mea-
sured rotational velocity introduce a significant amount
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Figure 1. Example RGB composite image of a MaNGA
galaxy (8997–9102) with the IFU (magenta hexagon) over-
layed (made with the SDSS Marvin python package by
Cherinka et al. 2019). As is typical with the MaNGA obser-
vations, the IFU does not cover the entire visible component
of the galaxy.
of variation in the resulting ratios of total to stellar
mass between the galaxies in the sample. To adjust for
this, we construct a statistical model that allows us to
constrain the experimental uncertainties while extract-
ing a more accurate estimate of the average Mtot/Mvis
within each galaxy subsample. In addition, as discussed
in Douglass et al. (2019) and visible in Figure 1, the
MaNGA data coverage is limited to the visible extent
of the galaxy and to the size of the fiber-optic bundle
(the integral field unit, or IFU). Therefore, our results
involving Mtot/Mvis are limited to the covered region.
Due to dark matter’s lack of interaction via the elec-
tromagnetic force, there are limited statistics of the dark
matter content of galaxies. Studies have been limited to
measurements of weak gravitaitonal lensing from galaxy
stacking, which requires assumptions about the galaxy’s
dark matter content a priori, and to studies measuring
the kinematics of a galaxy, which requires multiple ob-
servations across the spatially resolved surface of the
galaxy. These kinematic studies are limited to only the
most nearby of objects and require a significant amount
of observation time for each object. To help alleviate
these constraints, we introduce a parameterization of
the ratio of total to stellar mass in a galaxy that re-
quires galaxy photometry and redshift and can therefore
be used on a much larger galaxy sample.
2. SDSS MANGA DR15 AND GALAXY
SELECTION
We use the galaxy rotation curves as measured in
Douglass et al. (2019) to estimate Mtot, which are de-
rived based on the SDSS MaNGA DR15 (Aguado et al.
2019). MaNGA measures spectra across the face of each
observed galaxy by placing a bundle of spectroscopic
fibers (IFU) on each galaxy. These IFU contain between
19 and 127 fibers, covering between 12” to 32” of the
surface of each galaxy (Drory et al. 2015). Two duel-
channel spectrographs receive the light from the IFUs,
covering a wavelength range of 3600–10300A˚ with a res-
olution of λ/∆λ ∼ 2000. At its conclusion, MaNGA
will observe 10,000 nearby galaxies in the northern sky.
The Hα velocity map, V-band image, and stellar mass
density map processed by Pipe3D (Sa´nchez et al. 2016,
2018) are used to extract the galaxy’s rotation curve
and stellar mass contained within the same region. The
galactic inclination angles, axis ratios, absolute magni-
tudes, and total stellar mass estimates are taken from
the NASA-Sloan Atlas (Blanton et al. 2011).
We use the KIAS-VAGC (Blanton et al. 2005;
Choi et al. 2010) for photometric data (colors, color gra-
dients, and inverse concentration indices) of the MaNGA
galaxies. We make use of the MPA-JHU value-added
catalog1 for global emission line fluxes. Gas-phase
metallicities are calculated using these flux ratios and
the N2O2 diagnostic described by Brown et al. (2016).
All of these value-added catalogs (NSA, KIAS-VAGC,
MPA-JHU) are based on the SDSS Data Release 7 (DR7;
Abazajian et al. 2009) galaxy sample, which we use for
finding a MaNGA galaxy’s nearest neighbor. SDSS DR7
employed a drift scanning technique to conduct a wide-
field multiband imaging and spectroscopic survey that
covered approximately one quarter of the northern sky.
A dedicated 2.5-m telescope at the Apache Point Obser-
vatory in New Mexico was used to take the photometric
data in the five-band SDSS system: u, g, r, i, and z
(Fukugita et al. 1996; Gunn et al. 1998). Galaxies with
a Petrosian r-band magnitude Mr < 17.77 were cho-
sen for follow-up spectroscopic analysis using two dou-
ble fiber-fed spectrometers and fiber plug plates with
a minimum fiber separation of 55” (Lupton et al. 2001;
Strauss et al. 2002). The wavelength coverage of the
spectrometers used in this first stage of SDSS had an
observed wavelength range of 3800–9200A˚ with a reso-
lution of λ/∆λ ∼ 1800 (Blanton et al. 2003).
H I mass estimates are from the H I–MaNGA
Data Release 1 (Masters et al. 2019) and the final
1 Available at http://www.mpa-garching.mpg.de/SDSS/DR7
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Figure 2. An example of the rotation curves extracted from
the MaNGA Hα velocity map for one galaxy. The rotation
curve from the positive velocities is shown with red squares,
the negative velocities with blue triangles, and the average
velocity curve with green pentagons. Best fits for these three
curves are shown in the corresponding colored dashed lines.
The rotation curve due to the stellar mass component is
shown in the teal diamonds.
Arecibo Legacy Fast ALFA (ALFALFA) data release
(Haynes et al. 2018). H I–MaNGA is designed to con-
duct follow-up observations of all MaNGA galaxy tar-
gets on the Robert C. Byrd Green Bank Telescope
(GBT) in Green Bank, West Virginia. The first data
release of this program contains observations of 331
MaNGA galaxies. To supplement the GBT observa-
tions, Masters et al. (2019) also include a cross match
of the MaNGA DR15 sample with ALFALFA, a blind,
2-pass drift survey detecting extragalactic H I that
was conducted at the Arecibo Observatory in Arecibo,
Puerto Rico. ALFALFA adds H I detections for 1021
MaNGA DR15 galaxies.
2.1. Galaxy selection criteria
As described in Douglass et al. (2019), a series of re-
strictions to the various data fields are used to remove
invalid spaxels. Spaxels must satisfy all of the following
criteria to be included in the analysis:
• Non-zero Hα error
• Non-zero V-band flux, error
• Non-zero stellar mass density
Galaxies are also required to have velocity maps with a
smooth gradient. See Douglass et al. (2019) for a more
detailed explanation of each of these restrictions.
A galaxy’s systemic velocity is subtracted from the
Hα velocity map to isolate the galaxy’s internal motion.
All velocities are de-projected using the photometric an-
gle of inclination, and it is assumed that the kinetic
and photometric centers of the galaxies are identical
(Barrera-Ballesteros et al. 2018; Douglass et al. 2019).
Each Hα velocity map results in two rotation curves,
one for each side of the galaxy (“negative”: rotating to-
wards us, and “positive”: rotating away from us), and
an average rotation curve (the average of the positive
and absolute value of the negative curves). See Figure
2 for an example of these three curves.
As is done is Douglass et al. (2019), each ro-
tation curve is fit with the parameterization
(Barrera-Ballesteros et al. 2018):
Vr =
Vmaxr
(Rαturn + r
α)1/α
(1)
where Vr is the rotational velocity at a given deprojected
radius r, Vmax is the magnitude of the velocity at the
rotation curve’s plateau, and Rturn is the deprojected
radius where the curve transitions from increasing to
flat. The free parameters in the fit are Vmax, Rturn, and
α. All distances are measured in units of the reduced
Hubble constant h, where H0 = 100h km/s/Mpc.
As required by Douglass et al. (2019), we use the fol-
lowing criteria for a galaxy’s rotation curve to be in-
cluded in our final galaxy sample:
• A minimum of four data points
• χ2ν < 10, where fit statistics χ
2
ν is normalized by
the difference of the number of data points and the
number of degrees of freedom of the fit.
At least one of the three curves (positive, negative or
average) must satisfy the above requirements for that
galaxy to be included in the analysis. If more than one
curve passes these requirements for a given galaxy, then
the preference is given to the average curve, followed by
the positive curve, and finally the negative curve.
Both this procedure and the removal of galaxies with-
out smooth velocity maps preferentially eliminate galax-
ies with low dark matter content (for which a rotation
curve is dominated by the bulge’s mass) and elliptical
galaxies (which lack organized rotational motion). As a
result, the proceeding analysis is conducted on a sample
primarily composed of spiral galaxies. And, since most
elliptical galaxies are extremely bright, this introduces a
selection bias towards fainter magnitudes. Of the 4815
galaxies with IFU spectra available in the Pipe3D analy-
sis of the SDSS DR15 MaNGA survey, we have rotation
curves for 2426 galaxies.
2.2. Color-magnitude classification
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Figure 3. ∆(g− i) color gradient versus u− r color for the
SDSS MaNGA galaxies, marked by their color-magnitude
diagram classification: open red circles for the red sequence,
green stars for the green valley, and blue crosses for the blue
cloud. The black boundary is the separation between early-
and late-type galaxies as defined by Park & Choi (2005).
To study the relationship between the mass ratio and
the evolutionary stage of a galaxy, we separate the
galaxies into populations in the color-magnitude dia-
gram. Fainter, bluer galaxies generally belong to the
blue cloud, while the brighter, redder galaxies belong to
the red sequence. Galaxies are theorized to transition
between these two populations through the green val-
ley (Martin et al. 2007). Our classification of the galax-
ies into one of these three populations is a modifica-
tion of the photometric classification scheme described
in Douglass (2017), which is based on the morphologi-
cal classifications of Park & Choi (2005) and Choi et al.
(2010). Galaxies are classified based on their inverse
concentration index, cinv, and their position in the color
(u − r) – color gradient (∆(g − i)) plane. We define a
phase angle θ according to
θ = tan−1
(
−∆(g − i) + 0.3
(u− r) − 1
)
(2)
Then we place the galaxy in either the blue cloud, green
valley, or red sequence based on the following criteria:
Red sequence: Normal early-type galaxies (galaxies
above the boundary defined by the points (3.5, -
0.15), (2.6, -0.15), and (1.0, 0.3) in the u−r versus
∆(g − i) space with u− r > 2 and cinv . 3.8).
Green valley: Blue early-type galaxies (galaxies above
the boundary defined in the red sequence descrip-
tion with u−r < 2; Normal late-type galaxies that
would otherwise be normal early-type galaxies ex-
cept for their high cinv; Normal late-type galaxies
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Figure 4. The distribution over the maximum radius to
which the rotational curves are evaluated for blue cloud (blue
solid line), green valley (green dashed line), and red sequence
(red dotted line) galaxies.
(galaxies below the boundary defined in the red
sequence description) with θ < 20◦.
Blue cloud: Normal late-type galaxies (galaxies below
the boundary defined in the red sequence descrip-
tion) with θ > 20◦.
Figure 3 shows the results of this classification on our
sample of SDSS MaNGA galaxies.
3. ESTIMATING THE MASS COMPONENTS
3.1. Total mass
We assume that a galaxy’s rotational motion is dom-
inated by Newtonian orbital mechanics: the orbital ve-
locity of a particle some distance r from the center of
the galaxy is a function of the total mass internal to that
radius, M(r), assuming spherical symmetry. For spiral
galaxies, the orbital motion is assumed to be circular.
The gravitational force is the source of the centripetal
acceleration for a particle in orbit, so
M(r) =
v(r)2r
G
(3)
where v(r) is the velocity a distance r from the center
of the galaxy and G = 6.67408× 10−11 m3 kg−1 s−2 is
the Newtonian gravitational constant. Thus, by mea-
suring v(r) and r, we can estimate M(r). Due to the
limited extent of the MaNGA Hα velocity maps, rota-
tional velocities can only be measured out to the visible
extent of the galaxy. As seen in Figure 1, the IFU cov-
erage limits the maximum radius, Rmax, to which the
rotational curves are evaluated. Figure 4 shows the dis-
tribution over Rmax. We find that the maximum radius
can be as high as 25 kpc/h, but the majority of the
Mass ratio relationships 5
)/M
*
log(M8.5 9 9.5 10 10.5 11 11.5 12
)
/M
to
t
lo
g(M
8.5
9
9.5
10
10.5
11
11.5
12
12.5
13
Figure 5. The relationship between the total mass and the
stellar mass for each of the galaxies in our sample (points).
Symbols correspond to the color-magnitude diagram classifi-
cation: blue crosses are for the blue cloud, green asterisks for
the green valley, and red open circles for the red sequence.
Galaxies in each of these three populations are binned ac-
cording to their stellar mass; the median total mass in each
of these bins is shown in the points with error bars. The
black line is a fit to the entire sample with a fixed slope of
one and intercept of 0.26± 0.01.
galaxies have data out to about 5 kpc/h. We take the
mass corresponding to the last data point in a galaxy’s
rotation curve, M(Rmax), as a measure of the galaxy’s
total mass, Mtot.
3.2. Stellar mass, M∗
We estimate the total stellar mass, M∗, contained
within the same maximum radius Rmax by summing
each spaxels’s stellar mass density for all spaxels con-
tained within that radius. The relationship between the
stellar mass and total mass within Rmax for our sam-
ple of galaxies is shown in Figure 5. Those points with
error bars show the median total mass in each stellar
mass bin for galaxies in each of the three evolutionary
populations: blue cloud, green valley, and red sequence.
For galaxies with stellar masses above 1010 M⊙, the
total mass is approximately proportional to stellar mass.
We illustrate this by performing a linear fit to the data
with a fixed slope of 1. The result of the fit is shown
by a solid black line with the y-intercept of 0.26± 0.01.
Galaxies in each of the three evolutionary populations
follow this relationship, though there is some deviation
from it for lower stellar masses. Galaxies in the blue
cloud tend to have higher total masses, while galaxies
in the red sequence tend to have lower total masses,
than predicted by the simple linear scaling. Given the
strong correlation between the total and stellar mass,
we conclude that their ratio,Mtot/M∗, is an appropriate
variable to study.
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Figure 6. The relationship between MHi and M∗,NSA
for galaxies in both SDSS DR7 and ALFALFA (scattered
points). Symbols correspond to the color-magnitude dia-
gram classification: blue crosses are for the blue cloud, green
asterisks for the green valley, and red open circles for the
red sequence. Galaxies are binned according to their total
stellar mass; the median MHi in each of these bins is shown
in the corresponding symbol with error bars. Linear fits to
the binned median values are shown in the solid lines; their
parameters are summarized in Table 1.
3.3. Neutral hydrogen, MHI
We investigate the effect of the H I mass on the visi-
ble mass by combining it with the total stellar mass to
estimate the total visible mass in a galaxy,Mvis. Due to
the limited progress of the H I-MaNGA survey, only 446
galaxies in our sample currently have an H I detection.
To extend the analysis to those galaxies for which the
H I line is not available, we parameterize the H I contri-
bution as a function of the total stellar mass, M∗,NSA.
To this end, we study the relationship between M∗,NSA
and MHi for all galaxies in SDSS DR7 which have H I
detections in ALFALFA. This correlation is shown in
the scattered points in Figure 6 for the three evolution-
ary populations. Those points with error bars show the
median H I mass for the SDSS DR7 galaxies binned by
their stellar mass. It is readily apparent that galaxies in
the blue cloud have more MHi than galaxies in both the
green valley and the red sequence. Linear fits to this
relationship for each of the three galaxy populations,
shown in the solid lines, allow us to estimate the H I
mass, MHi,est, given a galaxy’s stellar mass and evolu-
tionary stage. The best-fit parameters for each of these
fits is given in Table 1. We then apply this parameter-
ization to our sample of MaNGA galaxies to estimate
their H I mass, regardless of whether or not they have a
measured H I mass.
3.4. Statistical model for Mtot/Mvis
The accuracy of determining Mtot/Mvis is limited by
the statistical and systematic uncertainties on the rota-
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Figure 7. Templates in Mtot/Mvis with different values of Atrue (changing horizontally from 1.0 to 2.0) and σv (changing
vertically from 0.25 to 0.35).
Table 1. Parameterization of MHi vs M∗,NSA
Class p0 p1
Blue cloud 6.03 ± 0.05 0.390 ± 0.006
Green valley 5.1± 0.2 0.47± 0.02
Red sequence 7.2± 0.4 0.25± 0.04
Note—Values of the best-fit parameters to
the binned values shown in Figure 6, where
log (MHi/M⊙) = p0(log (M∗,NSA/M⊙)) + p1.
tional velocity, Vmax = V (Rmax). We develop a statis-
tical model that corrects for the resolution on the rota-
tional velocity and uncovers the true value ofMtot/Mvis,
referred to as Atrue. This model uses the data distribu-
tion in the observed Mtot/Mvis to fit for the best value
of the relative uncertainty on the rotational velocity σv
together with Atrue, which should be understood as a
mean true value for a sample of galaxies included in the
fit.
We assume that the best-fit maximum velocity
Vmax, obs is normally distributed around its true value
Vtrue with the standard deviation of σvVtrue. We also
assume that Mtot is equal to the product of the mea-
sured value of visible mass Mvis and Atrue. We con-
struct template distributions in Mtot/Mvis for several
values of Atrue and σv. To build a given template, we
multiply each galaxy’s Mvis by the template’s value of
Atrue to estimate the galaxy’s total mass. From the total
mass, we calculate the true value of the velocity, Vtrue,
using the relation given in Equation 3 with r = Rmax.
Vtrue is then smeared according to a normal distribution
with standard deviation σ = Vtrueσv, where σv is the
value of the relative uncertainty on the rotational ve-
locity assumed in this template. This normal smearing
is repeated 100 times to construct smoother templates.
The smeared velocity, Vobs, is then converted back into
an “observed” total mass, from which we then calculate
the “observed” mass ratio Mtot/Mvis. The procedure is
repeated for all galaxies in a given sample. Thus, each
template histogram has 100 times more entries than the
data histogram.
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Figure 8. Results of the paramter fitting to galaxies in the blue cloud (left), green valley (center), and red sequence (right).
The top row shows the joint dependence of χ2 on Atrue and σv, where the gray scale represents the values of χ
2 of the fit to
Mtot/M∗. The bottom row shows the fit of the χ
2 dependence on Atrue to a second power polynomial, with the minimum
returning the best value of Atrue in each galaxy population.
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Figure 9. The distribution over the half of the difference be-
tween the maximum rotational velocities of the positive and
negative rotation curves normalized by the maximum rota-
tional velocity of the average rotation curve. The red solid
line is a best fit to a normal distribution with the standard
deviation of σ = 0.29.
For illustration, we show a 3×3 template matrix in
Figure 7. Since Mtot depends on V
2
max, a symmetric dis-
tribution in Vmax results in an asymmetric distribution
in the observed Mtot/Mvis with a preference for larger
values of Mtot/Mvis. As can be seen from these plots,
larger values of Atrue result in the peak of the distribu-
tion being shifted towards larger values of the observed
Mtot/Mvis, while larger values of σv result in a broaden-
ing of the distributions. Thus, comparing the templates
with the data distributions constrain both parameters.
We construct templates for seven different values of
Atrue and seven different values of σv, resulting in 49
templates. To identify which combination of Atrue and
σv best represents the data, we evaluate the agreement
of each template with the data distribution using a χ2
criterion. χ2 is normalized by the number of the de-
grees of freedom, which is equal to the number of bins
minus the three free parameters from the fit (normal-
ization, Atrue and σv). This minimization procedure is
illustrated in Figure 8 for the three galaxy populations.
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The top row of Figure 8 presents the 2-dimensional dis-
tribution of χ2 in Atrue and σv, showing no significant
correlation between these two parameters (which would
manifest as diagonally elongated ellipses). As shown in
the bottom row of Figure 8, the most probable value of
Atrue corresponds to the minimum of the χ
2 distribution
found by fitting this distribution to a parabolic function,
which is a good approximation around the minimum.
The uncertainty on Atrue is evaluated by increasing the
value of χ2 by 1.
We keep σv as a free parameter of the fit to account for
variation from sample to sample. The observed optimal
values of σv vary from 0.28 to 0.36. These numbers
are well supported by the observed spread in the half
difference between the positive and negative rotational
velocities divided by the average, shown in Figure 9. A
fit to a normal distribution yields a standard deviation
of σ = 0.29, which is in a good agreement with the values
of σv extracted from the template fit.
The advantage of this statistical model is that it con-
strains the uncertainties on the rotational velocity in
situ. The shortcoming of this model is that it assumes
the same “true” value of Mtot/Mvis for all galaxies in a
given population. Previous observations of the stellar-
halo mass relation (SHMR) show that Mtot/Mvis varies
among a galaxy population (Wechsler & Tinker 2018,
and references therein), so the fitted value of Atrue
should be understood as an average value of Mtot/Mvis
in a given population. Despite this caveat, the devel-
oped statistical model provides a good description of the
data. In particular, a normal distribution in Vobs rather
than inMtot/Mvis explains the asymmetric shape of the
distribution overMtot/Mvis. Deviations from the model
for large values ofMtot/Mvis can be attributed either to
non-gaussian tails in the experimental uncertainties or
to large deviations from the average in Mtot/Mvis in a
particular population.
4. CORRELATION OF Mtot/Mvis WITH
EVOLUTIONARY AND ENVIRONMENTAL
PROPERTIES
4.1. Dependence of Mtot/Mvis on the color-magnitude
classification
Due to the observed differences in the relationships be-
tweenM∗ andMtot for the blue cloud, green valley, and
red sequence galaxies seen in Figure 5, we perform the
template fitting to these three populations separately.
We also use three different definitions of visible mass:
• Mvis =M∗
• Mvis =M∗ +MHi
• Mvis = M∗ +MHi,est, where MHi,est is estimated
using the parameterization shown in Figure 6
The results of the template fit toMtot/Mvis are shown
in Figure 10. Each of these figures demonstrates that the
statistical model provides a good description of the data
distributions. The best fit results and medians of the
corresponding distributions in the observed Mtot/Mvis
are summarized in Table 2. Medians, which are ex-
tracted from the data distributions without the use of
the statistical model, would be equal to the best-fit val-
ues of Atrue should the data follow the model’s predic-
tion exactly. The observed medians follow the same
trend as the values of Atrue, but are generally somewhat
higher due to deviations in the data distributions from
the model’s predictions, predominantly at the high val-
ues ofMtot/Mvis (the “tails” of the distributions). These
deviations are reduced once the H I mass is included.
Both the median and Atrue values suggest that galaxies
in the blue cloud have the highest values of Mtot/Mvis.
Galaxies in the blue cloud, green valley, and red
sequence, have different properties. As shown in
Salim (2014); Douglass (2017); Coenda et al. (2018);
Jian et al. (2020), galaxies in the red sequence are the
brightest, most massive, and have the lowest star forma-
tion rates. Blue cloud galaxies are the opposite: they
are the faintest, the least massive, and have the highest
star formation rates. Galaxies in the green valley tend to
have absolute magnitudes and stellar masses compara-
ble to those in the red sequence, but their star formation
rates are intermediate.
Therefore, galaxies in the blue cloud are actively form-
ing stars, while galaxies in the red sequence have under-
gone processes which have quenched their star forma-
tion. Green valley galaxies are either currently under-
going these quenching processes (moving from the blue
cloud to the red sequence), or their star formation is
restarting (transitioning from the red sequence to the
blue cloud). Similar to Torres-Flores et al. (2011), we
observe that the blue cloud galaxies have the highest
values of Mtot/Mvis, which suggests a correlation be-
tweenMtot/Mvis and the current state of star formation.
We test this hypothesis by investigating the relation-
ships between Mtot/Mvis and several galaxy properties
related to the galaxy’s evolution history and its local
environment.
4.2. Dependence of Mtot/Mvis on absolute magnitude
and gas-phase metallicity
We study the dependence of Mtot/Mvis on a galaxy’s
absolute magnitude,Mr, and gas-phase metallicity, 12+
log(O/H), defined as the relative abundance of oxy-
gen to hydrogen. Galaxies typically follow the mass-
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Figure 10. The distributions in Mtot/M∗ (left column), Mtot/(M∗ +MHi) (middle column) and Mtot/(M∗ +MHi,est) (right
column) for the sample of galaxies (points) compared to the model prediction based on the best fit template (histogram) for
the three galaxy populations: blue cloud (top row), green valley (middle row), and red sequence (bottom row).
Table 2. Sample statistics and fitting results for galaxy classes
Mtot/M∗ Mtot/(M∗ +MHi) Mtot/(M∗ +MHi,est)
Class Count Atrue Median Count with H I Atrue Median Atrue Median
Blue cloud 1278 1.50± 0.10 1.88± 0.06 357 1.18 ± 0.14 1.31 ± 0.10 1.22 ± 0.08 1.30 ± 0.04
Green valley 614 1.30± 0.15 1.49± 0.07 72 1.03 ± 0.27 1.03 ± 0.16 1.12 ± 0.11 1.22 ± 0.06
Red sequence 281 1.20± 0.19 1.47± 0.13 17 1.0± 0.7 1.04 ± 0.42 1.09 ± 0.15 1.22 ± 0.12
Note—The mass ratio values here correspond to the best-fitting template’s Atrue. The median values correspond to the
median of the distribution of Mtot/Mvis in the data.
metallicity relation (Tremonti et al. 2004), where more
massive galaxies have higher metallicities. While a
galaxy’s metallicity should depend on its stellar mass, it
should also increase with its total mass due to the cor-
responding deeper potential well. As shown in Douglass
(2017), blue cloud galaxies have slightly lower metallic-
ities than those in the red sequence, indicative of being
in an earlier stage of their star formation histories. Sim-
ilarly, red sequence galaxies are advanced in their star
formation process and thus have higher metallicities.
While required to study these relationships, a fairly
fine binning in Mr and 12 + log(O/H) does not per-
mit a fit to the statistical model due to insufficient
statistics in each bin. We instead extract the medians
of the distribution in each bin. The statistical model
is then applied to the coarsely binned data based on
both Mr and 12 + log(O/H). On the left in Figure 11,
we show the dependence of the median Mtot/Mvis val-
ues on the luminosity for the three definitions of visi-
ble mass. We observe that the faintest galaxies (those
with Mr > −20) have the largest mass ratio for each
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Figure 11. The dependence of median values ofMtot/M∗ (magneta triangles),Mtot/(M∗+MHi) (cyan squares), andMtot/(M∗+
MHi,est) (orange circles) on the absolute magnitude, Mr (left), and gas-phase metallicity, 12 + log(O/H) (right).
of the three mass ratios. This behavior agrees with
prior observations by Persic et al. (1996); Strigari et al.
(2008); Torres-Flores et al. (2011); Karukes & Salucci
(2017); Behroozi et al. (2019); Di Paolo et al. (2019);
Douglass et al. (2019) and the simulation results of
Moster et al. (2010), who predict that faint galaxies are
more enriched in dark matter. Similar to these previous
results, we also observe a rise in each of the mass ratios
for the brightest galaxies, typically members of the red
sequence type.
The relationship between each of the mass ratios and
the gas-phase metallicity of the galaxies is shown on the
right in Figure 11. Similar to the correlation between
Mtot/Mvis and Mr, we observe a rise in Mtot/Mvis for
galaxies with both high and low metallicities.
The addition of H I to the visible mass has a signif-
icant effect on the fainter galaxies and those with the
lowest metallicities, while a smaller effect is observed
for brighter, higher metallicity galaxies. This is similar
to the observations made by Torres-Flores et al. (2011),
who found that including MHi in the total visible mass
estimate reduced the deviation from the baryonic Tully-
Fisher relation by the low-mass galaxies.
We further examine the dependence of Mtot/Mvis on
the absolute magnitude and gas-phase metallicity by
plotting each of the three mass ratios in the 2D plane of
(Mr, 12 + log(O/H)), shown in Figure 12. We find that
the highest values of Mtot/Mvis are observed in faint
galaxies with low metallicities and bright galaxies with
high metallicities. To isolated these trends, we divide
the galaxies into three categories as marked in the cen-
ter panel of Figure 12, and perform a fit to the statistical
model described in Section 3.4 to find the average value
of Mtot/Mvis in each of these three categories. The re-
sults of this fitting are presented in Figure 13 and are
summarized in Table 3. It is apparent that higher val-
ues ofMtot/Mvis are observed for faint galaxies with low
metallicities (category 1), which is mostly populated by
galaxies in the blue cloud. There is also an increase
in Mtot/Mvis for the brightest galaxies with the highest
metallicities (category 3), populated predominantly by
galaxies in the red sequence and green valley. Galax-
ies populating the central region of Figure 12 (category
2) have the lowest values of Mtot/Mvis. When compar-
ing the left-hand column to the center column of Figure
13, we see that the addition of H I to the visible mass
significantly reduces the tails in the distribution over
Mtot/Mvis, especially for those galaxies in category 1.
This observed dependence on Mr and 12 + log(O/H)
suggests a correlation of Mtot/Mvis with a galaxy’s star
formation history.
4.3. Estimating Mtot/Mvis based on redshift and
photometry
There is a class of problems, e.g. Large Scale Struc-
ture (LSS) studies, where it is important to evaluate
the ratio of halo to stellar mass based on some easily
accessible observables. Due to the systematics and rela-
tively high S/N spectra required for its calculation, the
gas-phase metallicity is not easily obtainable. However,
a galaxy’s absolute magnitude and its color-magnitude
classification can be easily evaluated based on photom-
etry and a redshift. Thus, we derive a parametrization
of Mtot/Mvis based on these two observables. Because
of the limited statistics in our current sample, we com-
bine the green valley and red sequence galaxies for this
parameterization. Fits to the third power polynomials
for these two populations of galaxies (blue cloud and red
sequence / green valley) are shown in Figure 14. The
results of the best fits are summarized in Table 4.
This version of the stellar-halo mass relation (SHMR)
exhibits its key characteristics: the fraction of dark
matter decreases with increasing stellar mass for all
but the brightest galaxies (Wechsler & Tinker 2018;
Douglass et al. 2019, and others). As expected, galax-
ies in the blue cloud show a strong rise in Mtot/Mvis
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Figure 12. The grey scale shows the median values of Mtot/M∗ (left), Mtot/(M∗ +MHi) (center), and Mtot/(M∗ +MHi,est)
(right) in the bins of Mr and 12 + log(O/H). Overlaid are the galaxies in the blue cloud (blue crosses), green valley (green
asterisks), and red sequence (red open circles). The solid diagonal lines indicate the boundaries for the three categories, labeled
by the numbers in the middle pane.
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Figure 13. The distributions in Mtot/M∗ (left column), Mtot/(M∗ +MHi) (middle column) and Mtot/(M∗ +MHi,est) (right
column) for the sample of galaxies (points) compared to the model prediction based on the best fit template (histogram) for
the three galaxy categories defined in Figure 12: 1 (top row), 2 (middle row), and 3 (bottom row).
at the faint end, while galaxies in the green valley
and red sequence exhibit an increase in Mtot/Mvis
for both the brightest and faintest galaxies. Similar
to Behroozi et al. (2019), we find that the brightest
quenched (or quenching) galaxies (galaxies in the green
valley and red sequence) have higher Mtot/Mvis than
their star-forming counterparts in the blue cloud. We
also find that faint galaxies in the blue cloud have signifi-
cantly more dark matter compared to galaxies of similar
luminosity in the green valley and red sequence, consis-
tent with the results of Aquino-Ort´ız et al. (2020).
Various feedback processes that reduce the star for-
mation efficiency are often cited as the source for the
divergence from a constant SHMR: supernovae feedback
in fainter galaxies, and AGN feedback in the brightest
galaxies (Wechsler & Tinker 2018; Di Paolo et al. 2019).
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Table 3. Sample statistics and fitting results for galaxy categories
Mtot/M∗ Mtot/(M∗ +MHi) Mtot/(M∗ +MHi,est)
Category Count Atrue Median Count with H I Atrue Median Atrue Median
1 717 1.53 ± 0.20 2.16 ± 0.09 134 1.24 ± 0.26 1.52 ± 0.19 1.37 ± 0.17 1.57 ± 0.07
2 1345 1.34 ± 0.09 1.51 ± 0.05 282 1.12 ± 0.17 1.25 ± 0.12 1.07 ± 0.07 1.11 ± 0.04
3 364 1.58 ± 0.23 1.74 ± 0.10 30 1.05 ± 0.28 1.01 ± 0.20 1.35 ± 0.22 1.44 ± 0.09
Note—Categories are as defined in Figure 12. All galaxies included in these fits are required to have gas-phase metallicity
estimates. The mass ratio values here correspond to the best-fitting template’s Atrue. The median values correspond
to the median of the distribution of Mtot/Mvis in the data.
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Figure 14. The dependence of median values ofMtot/M∗ (magenta triangles),Mtot/(M∗+MHi) (cyan squares), andMtot/(M∗+
MHi,est) (orange circles) on Mr for galaxies in the blue cloud (left panel) and in the green valley and red sequence (right panel).
The solid magenta lines show the best fits of Mtot/M∗ to a third power polynomial.
Table 4. Parameterization of Mtot/M∗
Class p0 p1 p2 p3
Blue cloud −8.45 ± 0.69 −8.52± 0.04 −0.745± 0.002 −0.0172 ± 0.0001
Green valley & Red sequence −33.9 ± 1 −9.28± 0.06 −0.666± 0.003 −0.0144 ± 0.0001
Note—Values of the best fit parameters to Mtot/M∗ = p0 + p1x+ p2x
2 + p3x
3, where x =Mr.
With galaxies in the blue cloud having higher star for-
mation rates, we would expect these to behave more
similar to the faint galaxies, and we can hypothesize
that their deviation from a constant SHMR is largely
due to supernovae feedback. On the other hand, galax-
ies in the green valley and red sequence have much lower
star formation rates; their feedback is likely due to AGN,
which is also potentially responsible for their quenched
star formation.
4.4. Dependence of Mtot/Mvis on the distance to the
nearest neighbor
We investigate the effect of the local environment
on Mtot/Mvis by looking at the relationship between a
galaxy’s mass ratio and the distance to its nearest neigh-
bor, dNN . We use the main galaxy sample of SDSS
DR7 to find the potential neighbors. When calculating
the distance to the nearest neighbor, we assume a flat
geometry and use the linear approximation of Hubble’s
law to define the radial distance from the Earth. The
relationship between Mtot/Mvis and dNN is shown in
Figure 15, where we observe an increase in Mtot/Mvis
with the distance from the nearest neighbor. We sur-
mise that this is because isolated galaxies tend to evolve
slower than galaxies in denser regions, as isolated galax-
ies have lower probabilities of star formation episodes
resulting from galaxy-galaxy interactions.
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Figure 15. The relationship between the median values
of Mtot/M∗ (magenta triangles), Mtot/(M∗ + MHi) (cyan
squares), and Mtot/(M∗ +MHi,est) (orange circles) and the
distance to the nearest neighbor. The linear fit to Mtot/M∗
is shown in the magenta solid line, with a slope of 0.53±0.22
and a y-intercept of 1.56 ± 0.18.
5. CONCLUSIONS
We investigate the possible correlation between a
galaxy’s ratio of total to visible mass,Mtot/Mvis, and its
evolutionary population, absolute magnitude, and gas-
phase metallicity. We extract a galaxy’s rotation curve
using the Hα velocity maps from the SDSS MaNGA
DR15, from which we estimate the galaxy’s total mass.
We construct a statistical model that well describes the
distribution over Mtot/Mvis in the observed data while
simultaneously evaluating the uncertainty in the mea-
surement of Mtot/Mvis.
We use three different measures of the visible mass,
Mvis:
• The visible mass is equal to the stellar mass.
• The visible mass is equal to the sum of the stellar
mass and the H I mass.
• The visible mass is equal to the sum of the stellar
mass and the H I mass, using a parameterization
derived with those galaxies for which H I measure-
ments are available.
We find that galaxies with the highest values of
Mtot/Mvis are in the blue cloud, are faint, and have
low metallicities. Based on their absolute magnitude
and metallicity, these galaxies must be relatively early
in their star formation histories. The addition of neutral
hydrogen to the visible mass significantly reduces the
value of Mtot/Mvis for these galaxies. We also observe
an increase in Mtot/Mvis for the brightest galaxies with
high metallicities, typically members of the red sequence
and green valley. The addition of neutral hydrogen to
the visible mass has a smaller effect onMtot/Mvis for this
galaxy population compared to the faint, low metallicity
galaxies. Due to their high metallicity and membership
in the red sequence, the star formation processes in these
galaxies are likely to have been quenched.
Finally, we derive a parametrization with which we
can predict Mtot/Mvis based on easily accessible galaxy
characteristics: the absolute magnitude and evolution-
ary classification. Such parametrization can be used, for
example, in LSS studies.
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